Enterohemorrhagic Escherichia coli (EHEC) or other attaching/effacing pathogen infections often cause host intestinal inflammation and pathology, which is thought to result in part from a host aggressive innate immune response. However, few effectors that play an important role in this pathology change have been reported. In this study, we discovered a previously unknown EHEC effector, Stk (putative serine/threonine kinase), which induces host aggressive inflammatory response during EHEC infection. Interestingly, homologous proteins of Stk are widely distributed in many pathogens. After translocating into the infected host cells, Stk efficiently phosphorylates IκBα and activates the NF-κB pathway. In EHEC-infected mice, Stk increases serum keratinocyte-derived cytokine (KC) levels and hyperactivates the inflammatory response of the colon, intensifying pathological injury of the colon. The virulence of Stk is based on its eukaryotic-like kinase activity. In conclusion, our data suggest that Stk is a new effector that induces the host aggressive inflammatory response during EHEC infection.
Enterohemorrhagic Escherichia coli (EHEC) is a food-borne pathogen that is especially detrimental to human health because it can cause hemorrhagic colitis and a type of renal failure (hemolytic uremic syndrome) for which therapy is limited. This pathogen translocates virulence proteins (effectors) into intestinal epithelial cells using a type III secretion system (T3SS) to subvert the activity of various cell functions [1] [2] [3] . To date, 62 effectors or putative effector genes have been described in the Sakai strains of EHEC [4] .
The nuclear factor κB (NF-κB) family of transcription factors is central to the host response to infection of microbial pathogens by orchestrating innate and acquired host immune responses [5] . In the NF-κB pathway, stimulation signals are converged to phosphorylation-mediated activation of the inhibitor of nuclear factor kappa-B kinase (IKK) complex, which harbors 2 functional domains, IKKα and IKKβ. In turn, the IKK complex directly phosphorylates IκBα or an IκBα-like inhibitor. This phenomenon results in the nuclear translocation of NF-κB (p65) and the expression of multiple proinflammatory cytokines, including interleukin 8 (IL-8) [5] . Hijacking NF-κB signaling by injecting T3SS effectors serves as a key virulence mechanism of EHEC and enteropathogenic E. coli (EPEC) [6] . For example, the zinc metalloprotease NleC directly cleaves the p65 subunit of NF-κB [7] [8] [9] [10] .
Stk (putative serine [Ser]/threonine [Thr] kinase; open reading frame (ORF): z1444) contains 348 amino acids and harbors a typical eukaryotic-like Ser/Thr kinase domain. The presence of the eukaryotic-specific Ser/Thr kinase domain strongly indicates that Stk may be a translocated effector that functions inside a host cell because many bacterial pathogens use eukaryotic-like virulence factors [11] . Thus, a question on whether Stk kinase plays a role in the pathogenesis of EHEC strain O157:H7, as discussed in previous articles [12, 13] , is raised.
Infection by EHEC or other attaching/effacing (A/E) pathogens often causes intestinal inflammation characterized by crypt hyperplasia, goblet cell depletion, cellular necrosis, infiltration of immune cells, and damage to the lumen of the epithelium [14, 15] . Much of the pathology resulting from infections by EHEC or other A/E pathogens is thought to result in part from an aggressive innate immune response by the host, such as crypt abscesses following neutrophil infiltration [16] . However, few effectors have been reported to induce host excessive inflammatory response.
In this study, we identified Stk (ORF: z1444) as a potent activator, inducing an aggressive inflammatory response of the host upon EHEC infection. We then characterized the mechanism of Stk in promoting the high expression of host inflammatory cytokine IL-8 by activating NF-κB signaling.
METHODS

Ethics Statement
All necessary permits were obtained for the animal experiments. Approval of the Institutional Ethics Review Committee of Beijing Institute of Microbiology and Epidemiology, China was also obtained. All procedures on the animals were carried out in strict accordance with the regulations of the Beijing Institute of Microbiology and Epidemiology Animal Care and Use Committee (2012-06-21-02). BALB/c mice (weighing14-16 g) were purchased from the Laboratory Animal Center of the Academy of Military Medical Sciences, Beijing, China. The animals were fed with standard diet and water and maintained under the following conditions: 12 hours of light/12 hours of dark controlled lighting, 24°C-28°C temperature, and 55% relative humidity. All animal work was performed in strict accordance with the approved relevant guidelines. Animals were handled with appropriate care and welfare, and all efforts were made to minimize suffering.
Effector Translocation Assay
HeLa cells were seeded at a density of 2 × 10 5 cells/well in 6-well plates on coverslips. After infection with EHEC wild-type (WT), Δstk, or Δstk/pstk at multiplicity of infection (MOI) of 10 for 4 hours, HeLa cells were fixed and stained with anti-LPS/Alexa Fluor 594 goat antimouse immunoglobulin G, anti-Stk/Alexa Fluor 488 goat antirabbit immunoglobulin G, Alexa Fluor 647 phalloidin, and 4′,6-diamidino-2-phenylindole (DAPI). The fluorescence signals were observed using confocal microscopy (Zeiss LSM880). In the TEM (beta-lactamase, derived from Temoniera, a patient from whom the strain was first isolated in Greece) translocation assay, HeLa cells were infected with EHEC WT or ΔescN for 2 hours. Cells were then washed with phosphate-buffered saline and cultured for another 1 hour in the presence of CCF2-AM1. Effector translocation was examined on a confocal fluorescence microscope to detect the blue fluorescence (450 nm) and green fluorescence emission (520 nm) after excitation at 410 nm (Olympus FV1000).
Cellular Transfection
HEK 293T cells were transfected with an empty vector of pcDNA3.1 (+) (Vec) or pcDNA3.1 (+) plasmid expression for Stk and Stk-KA (the kinase inactive mutant of Stk). Tumor necrosis factor α (TNF-α; 10 ng/ml) treatment was used as a positive control. The cell lysates were used for dual-luciferase gene reporter assays, enzyme-linked immunosorbent assay (ELISA), or immunoblotting. To investigate the signal pathway that Stk modulated, the NF-κB pathway was inhibited by infection with an adenovirus encoding a mutant IκBa, which is unable to be phosphorylated and functions as a super-repressor of NF-κB (Ad5IκB-A32/36). To investigate whether Stk activates the NF-κB pathway in the absence of IKKs, HEK-293T cells were transfected with siRNA against IKKα, IKKβ, and IKKα/β.
Cellular Infection
One day before infection, HT-29 cells were seeded at a density of 1 × 10 5 in Dulbecco's modified Eagle's medium without antibiotics containing 10% fetal bovine serum. Enterohemorrhagic E. coli strains were inoculated into Luria-Bertani broth and grown overnight at 37°C. Next day, HT-29 cells were infected with EHEC WT, Δstk, or Δstk/pstk at MOI of 100, and the relative expression levels of 36 human cytokines were determined with the Human Cytokine Array Panel A. Interleukin 8 protein secretion was measured by ELISA in supernatants or cell lysates after different infection times of HT-29 cells with EHEC WT, Δstk, Δstk/pstk, ΔescN, ΔnleC, or ΔstkΔnleC. Noninfected cells were used as a negative control.
Mice Infection
BALB/C mice (weight: 14-16 g) were pretreated with streptomycin for 3 days to improve colonization. Then they were orally gavaged with approximately 5 × 10 8 colony-forming units of EHEC WT, Δstk, stk/K42A, Δstx2, or ΔescN for up to 10 days; uninfected mice served as a negative control. There were 5 mice per group per day. Keratinocyte-derived cytokine (KC) levels in the serum of mice infected for 5 days with different EHEC strains were determined by ELISA using the Quantikine Mouse CXCL1/KC kit (R&D Systems). Colons were isolated and fixed in 4% paraformaldehyde and used in pathology analyses.
Cell-free Reconstitution
Cell-free reconstitution was performed as described previously [17] .
Statistical Analyses
Statistical analyses were conducted with SPSS software version 20.0. Data were analyzed using 2-tailed t test or 1-way analysis of variance.
RESULTS
Stk Is Translocated Into Eukaryotic Cells by the Enteropathogenic
Escherichia coli Type III Secretion System
The presence of the eukaryotic-specific Ser/Thr kinase domain strongly indicates that Stk (ORF: z1444) may be a translocated effector that functions inside host cells. To confirm this inference, the localization of Stk in HeLa cells infected with EHEC strain EDL933 was detected by the specific anti-Stk antibody, as shown in Figure 1 , with noninfected cells and ΔescN serving as controls. ΔescN is a strain deficient in T3SS function that is commonly used to evaluate the dependence of A/E pathogen effector translocation on T3SS [18] . When EHEC strain EDL933 WT or Δstk/pstk (complementation strain) adhered to the surface of HeLa cells (Red-Anti-LPS; Green-Anti-Stk), Stk was translocated into host cells ( The TEM-1-β-lactamase reporter system has been proven robust for assaying effector translocation into host cells [18] . To determine whether Stk was translocated into host cells by T3SS, we constructed plasmids pTEM1 and pTEM1-Stk, which were used to express TEM-1-β-lactamase or fusion protein of TEM-1 and Stk. In addition, Map is reported as a known T3SS substrate in EHEC [19] . Thus, pTEM1-Map was also constructed and included in this assay as a positive control. These constructs were introduced into both EHEC WT and ΔescN, a strain deficient in T3SS function. These strains were used to infect HeLa 
Stk Promotes the Relative Expression Levels of Human Immune Cytokines, Especially Interleukin 8
To investigate the function of Stk in host cells, the expression levels of 36 human immune cytokines (Human Cytokine Array Panel A, R&D systems) in HT-29 cells (human colon adenocarinoma cell line) infected for 8 hours with EHEC strain EDL933 (WT) or EHEC Δstk mutant were measured. Expression levels of 8 cytokines, including IL-8, MIF, SerpinE1, interleukin 1β, and interferon γ, were found to be significantly higher in cells infected with EDL933 WT for 8 hours than in uninfected cells (Figure 2A ). The levels of these cytokines in cells infected with EDL933 Δstk were significantly lower than in cells infected with WT, indicating that Stk is responsible for inducing the high expression level in host cells infected with EHEC WT. To verify this result, IL-8 expression levels in HT-29 cells were measured by quantitative ELISA ( Figure 2B ). Interleukin 8 expression levels in cells infected with WT EDL933 increased with prolonged infection time; IL-8 expression levels in Δstk-infected cells were significantly lower than in cells infected with WT or Δstk/pstk strains; and the difference in IL-8 levels between the WT and Δstk mutant increased with prolonged infection time ( Figure 2B ). Moreover, secretion levels of IL-8 in infected cell supernatants were also detected by a method similar to that used in a previous study on EHEC or EPEC [20] (Figure 2C ). After 6 hours of EHEC WT strain infection, secretion levels markedly increased to 9.4-fold higher than those of uninfected cells. However, after EHEC Δstk mutant infection, a significantly lower level was observed in the secretion levels of IL-8 compared with the EHEC WT group (P < .01). Furthermore, a similar result was found in host cells that were infected with EHEC stk-K42A, a derivative of WT EHEC strain EDL933 with a single base change at stk codon 42 that eliminates kinase activity [12] . This indicates that Stk, especially the kinase activity of this protein, plays an important role in activating IL-8 expression and secretion. EHEC ΔescN mutant was also used as a control and showed significantly lower IL-8 levels compared with that of WT infection at 6 hours, which further confirmed the role of T3SS in Stk translocation. Taken together, these results show that Stk promoted the expression and secretion levels of human immune cytokines, especially IL-8.
Stk Increases Keratinocyte-Derived Cytokine Levels and Colon Injury in
Infected Mice
To uncover the role of Stk in EHEC pathogenicity, an EHECinfected mice model was used. Stx is the major pathogenicity factor of EHEC and is responsible for multiple damaging effects on eukaryotic cells. Thus, it is important to study the possible relationship between Stk and Stx2 in EHEC pathogenicity. Accordingly, an appropriate set of stk and stx2 single and double mutants were constructed and used in infected mice. Mouse KC is a functional homolog of human IL-8, and an increase in KC serum levels correlate with inflammatory conditions [21, 22] . The serum KC levels were detected 5 days after infection in BALB/C mice infected with the EHEC strain. Deletion of stk or stx2 significantly decreased KC levels in the serum of EHEC-infected mice ( Figure 3A) . Meanwhile, values of KC levels in mice infected with a Δstx2Δstk double mutant were significantly lower than in mice infected with the Δstx2 single mutant (P < .01) ( Figure 3A) . These results show that Stk enhanced the levels of KC in EHEC-infected mice, which was independent of Stx2.
We also examined pathology injury in colons from mice at 5 days after infection with EHEC WT and different mutants using hematoxylin and eosin staining, as shown in Figure 3B . In the colons of WT-infected mice, the obvious pathology injury of the EHEC infection, such as epithelial defects (the destruction of tight junctions in colon epithelial cells and microvilli shedding), infiltration of the colon by inflammatory cells (neutrophils [rod nuclear, polymorphonuclear cells] and eosinophils (deep purple, round cells)], edema, and hemorrhage, was visible. However, the levels of pathology injury were slighter in the colons infected with EHEC mutants than in those infected with EHEC WT ( Figure 3B) .
Meanwhile, blind/semiblind quantification of data was performed to illustrate differences in colon damage. The scores of colon damage after infection with Δstk and Δstx2 single or double mutant for 5 days were significantly lower than scores after infection with EHEC WT (P < .01) ( Figure 3C ). These results show that both Stk and Stx2 contribute to the damage of EHEC pathology. The scores with EHEC stk-K42A were similar to the ones with EHEC Δstk. Therefore, Stk, especially its kinase activity, plays an important role in the colon damage of EHECinfected mice. The pathology of the colons was blindly scored by a veterinary pathologist. A scale from 0 to 10 was used with 0 being the least severe or lowest and 10 being the most severe or highest. Three to five visual fields were chosen for each slide. Data are represented as mean ± SD. ** P < .01. The experiments were repeated at least 3 times. Abbreviations: KC, keratinovyte-derived cytokine; WT, wild-type.
Stk Induces the Potent Activation of the NF-κB Inflammatory Pathway by Phosphorylating IκBα
Given that IL-8 expression is inflammatory pathway dependent, we subsequently determined whether Stk improved IL-8 levels by activating NF-κB signal pathways. Stk induced reproducible and significant NF-κB-specific luciferase reporter activation when ectopically expressed in HEK 293T cells, as shown in Figure 4A . Subsequently, to determine whether NF-κB activation also was essential for the upregulated expression of IL-8 in response to Stk, activation of NF-κB was inhibited using a lentivirus encoding a mutant IκBα protein, which cannot be phosphorylated and functions as a super-repressor of NF-κB (Ad5IkB-A32/36) [20] . Interleukin 8 levels in cells transfected with pcDNA3.1-stk significantly decreased when the NF-κB pathway was inhibited by Ad5IκBα-A32/36 (P < .01) ( Figure  4B ), which indicates that Stk directly acts on IκBα. Consistently, Stk but not Stk-K42A could significantly increase IL-8 levels when ectopically expressed in HEK 293T cells (P < .01) ( Figure  4B ). An inactive kinase with a mutation (K42A) in the Stk ATP binding site failed to induce NF-κB activation in all assays noted above, indicating a strict requirement of kinase activity. These results indicate that Stk, a eukaryotic-like Ser/Thr kinase from EHEC, is highly potent at inducing NF-κB pathway activation. Moreover, in vitro we found that adding purified recombinant Stk but not Stk-K42A protein to cell-free extracts triggers the evident, time-dependent phosphorylation of IκBα on Ser-32/36 ( Figure 4C ). As a control, a coomassie-stained gel was included to demonstrate the purity of Stk and Stk-KA proteins (Supplementary Figure 2) .
Stk Induces NF-κB Activation Independent of the IKK Complex and In
Spite of Existence of NleC
IκBα is known to be phosphorylated only by either IKKα or IKKβ in host cells. Taking advantage of the reconstitution in cell-free extracts, we then explored whether Stk was capable of inducing IκBα phosphorylation in the absence of IKKs (upstream factors of IκBα). HEK 293T cells were treated with IKKα and IKKβ siRNAs and then transfected with plasmid pcDNA3.1(vec) or pcDNA3.1-stk. Significantly, robust IκBα phosphorylation appeared in all 4 extracts when Stk was ectopically expressed ( Figure 5A ). This result signifies that neither IKKα nor IKKβ is essential for induction of IκBα phosphorylation by Stk. These data suggest that IKKα/IKKβ and their activities are not required for Stk-induced NF-κB pathway activation and that Stk hijacks the NF-κB signaling downstream of IKKs.
IκBα phosphorylation can mediate p65 (downstream factor of IκBα) translocation and IL-8 secretion. However, several type III secretion effectors in EPEC and EHEC have been reported to suppress NF-κB activation and reduce IL-8 secretion in the infected host cells. Because we were concerned about these effectors, such as NleE, NleB, NleC, NleH1/2, and so on, we selected the effector NleC, which is conserved in EHEC and to Tumor necrosis factor α treatment (10 ng/mL) was included as a positive control for comparison. The experiments above were repeated 3 times. * P < .05. B, Inhibition of NF-κB activation decreases Stk-induced interleukin 8 upregulation. HEK 293T cells were infected with an adenovirus encoding a mutant IκBα, which is unable to be phosphorylated and functions as a super-repressor of NF-κB (Ad5IκBα-A32/36), or with the same adenovirus (Ad5) as a control. Subsequently, the cells were transfected with an empty vector (Vec) or expression plasmid for Stk. Stk-KA is the kinase inactive mutant (K42A). Tumor necrosis factor α treatment was included as a positive control for comparison. Total cell lysates of the indicated proteins were analyzed by immunoblotting. The experiments were repeated 3 times. ** P < .01. C, Recombinant Stk phosphorylates IκBα in cell-free extracts. HEK 293T cell extracts were incubated with a buffer control or prokaryotic expressed and purified Stk or the K42A mutant in the presence of an ATP regeneration system at 30°C. Samples were analyzed by immunoblotting using antibodies recognizing Stk, IκBα, or phospho-Ser32/36 IκBα. The time-course analysis is shown. Abbreviations: IL-8, interleukin 8; TNF-α, tumor necrosis factor α; Vec, vector.
which nuclear p65 has been shown to be particularly sensitive (ie, NleC is an endopeptidase that can cleave and inactivate p65) [7] [8] [9] [10] . To observe downstream of IκBα, we determined the function of Stk and NleC. HEK 293T cells were transfected with a vector expressing Stk or NleC or cotransfected vectors expressing Stk and NleC. When Stk was ectopically expressed, p65 was more obvious in the nucleus (63% or 62%) than in the cytosol (37% or 38%) in spite of existence of NleC, as shown in Figure 5B . Meanwhile, the NleC-dependent p65 cleavage was more obvious in the cytosol (75%) when only NleC was overexpressed and in the nucleus (98%) when both NleC and Stk were overexpressed ( Figure 5B ). Thus, this demonstrates the ability of Stk, by promoting the levels of nuclear p65, to indirectly enhance p65 cleavage by NleC in the nucleus of host cells. To then determine the function of Stk and NleC in EHEC infection inflammation, IL-8 levels were quantified to test the relative contribution of Stk and NleC in EHEC infection ( Figure 5C ). After 6 hours of infection, Stk significantly improved IL-8 levels of infected cells, irrespective of whether the EHEC genome expresses the nleC gene (Δstk vs WT: P < .01; ΔnleCΔstk vs ΔnleC: P < .01). On the contrary, with or without the stk gene, NleC could reduce the levels of IL-8 (ΔnleC vs WT: P < .01; ΔnleCΔstk vs Δstk: P < .05). The results indicate the roles of Stk and NleC being relatively independent of each other in EHEC WT-infected cells.
DISCUSSION
In this study, a new T3SS effector, Stk (ORF: z1444), was identified in the EDL933 strain of EHEC O157:H7 ( Figure 6 ). The Stk gene was found in E. coli strain EDL933, xuzhou21, and many other clinical isolates, such as OK-1, E32511, 905 of serotype O157:H7 and 928/91, and 3007-85 of serotype O111:H−, which were reported previously [12] . In addition, Blast analyses in National Center for Biotechnology Information show that homologous proteins of Stk are widely distributed in many pathogens, such as Klebsiella. Protein ALR75853.1 in Klebsiella variicola has 87% identity with Stk. Interestingly, IκBα could also be phosphorylated in HEK 293T cells transfected with pcDNA3.1-ALR75853.1, which shows that ALR75853.1 may contain similar kinase activity as Stk (Supplementary Figure 3) .
The modulation of host inflammatory responses by injecting T3SS effectors is critical to the success of EHEC infection. In this study, Stk was identified as a new activator of the host immune response. In vitro, Stk potently enhanced the expression and secretion of IL-8 and other cytokines in EHEC-infected human colon epithelial cells (HT-29). In vivo (EHEC-infected mouse model), Stk-negative EHEC induced strikingly reduced KC (IL-8 homology in mice) secretion compared with WT EHEC. Then the mechanism of Stk in activating the immune response was analyzed. Like the T4SS effector LegK1 in Legionella pneumophila [23] , Stk potently activated host NF-κB signaling by directly phosphorylating IκBα. Structurally, Stk and LegK1 both had a similar eukaryotic-specific Ser/Thr kinase domain, indicating that other bacterial proteins that have similar or eukaryotic-specific domains may also play important roles Proteins were extracted, separated into cytoplasmic and nuclear fractions, and subjected to Western analysis using an anti-p65 C-terminal antibody. Meanwhile, the amounts of p65 or clipped p65 in cytosol and nuclei in the same group of transfected 293T cells were quantitated by the Lane 1D program. Cell lysates were subjected to Western analysis using anti-Stk and anti-NleC antibody to detect the expression of NleC and Stk. Shown is 1 representative experiment of 3. C, HT-29 cells were infected with enteropathogenic Escherichia coli wild-type or indicated mutants. Interleukin 8 secretion levels were measured by enzyme-linked immunosorbent assay in supernatants after 6 hours of infection. Data are represented as mean ± SD. Uninfected cells were used as a negative control. ** P < .01, * P < .05. The experiments were repeated 3 times. Abbreviations: IL-8, interleukin 8; Vec, vector; WT, wild-type.
in pathogen-infected host cells. Several EHEC or EPEC T3SS effectors, such as NleH1 [24] , NleE [17] , NleC [7] [8] [9] [10] , and NleF [25] , have been identified in previous studies. These effectors use different mechanisms to modify the host immune response. For example, NleC specifically cleaves the p65 subunit of NF-κB to diminish expression of the proinflammatory cytokine IL-8. Thus, it was interesting to uncover whether Stk can induce NF-κB activation in spite of existence of NleC. The results in this study showed that Stk could significantly improve the nuclear p65 levels, with or without NleC. Thus, there was enough activated p65 in the nucleus to transcribe downstream inflammatory cytokine expression, which further was confirmed by the results related to IL-8 levels in EHEC WT-or mutant-infected cells. Further research about the comprehensive mechanism of the interplay between these effectors will be interesting and important in EHEC pathogenesis.
In vitro kinase assays using HT-29 cell extracts showed that Stk could phosphorylate multiple host proteins (Supplementary Figure 4A) . In addition to IкBα, other experiments confirmed that Stk also directly phosphorylated p100, which can induce nonclassical NF-кB pathway activation (Supplementary Figure 4B) . Meanwhile, Stk was previously reported to be a tyrosine kinase that could phosphorylate bacterial proteins in preventing EHEC infection by other phages [12, 13] , which indicates that Stk possibly acts indirectly during in vivo infections through protecting EHEC from the phages infection/ lysis in intestines. We inferred that Stk may be a dual-specificity kinase (both serine/threonine and tyrosine kinase) that directly phosphorylates multiple targets during infection. The roles of Stk in the infection process require further extensive research.
In summary, our study revealed a previously unknown EHEC effector, Stk, and its mechanism of action ( Figure 6 ). Stk enters into host cells by T3SS and phosphorylates serine residues on IкBα to activate NF-кB. This, in turn, increases p65 translocation into the nucleus, which is independent of the IKK complex and in spite of existence of NleC. Moreover, Stk is linked to increased cytokine expression/release and gut damage in the streptomycin-treated mouse model.
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